Recently, indications for an emission line at 3.55 keV have been found in the combined spectra of a large number of galaxy clusters and also in Andromeda. This line could not be identified with any known spectral line. It is tempting to speculate that it has its origin in the decay of a particle contributing all or part of the dark matter. In this note we want to point out that axion-like particles being all or part of the dark matter are an ideal candidate to produce such a feature. More importantly the parameter values necessary are quite feasible in extensions of the Standard Model based on string theory and could be linked up to a variety of other intriguing phenomena, which also potentially allow for new tests of this speculation.
Introduction
Two groups [1, 2] have recently found a new emission line in the spectra of galaxy clusters and also in a single galaxy, Andromeda [2] . This line is at an energy of 3.55 keV and so far has not been identified with a transition in any known element. Although the statistical significance is at the (4 − 5)σ-level, the line is very weak and a number of systematic effects could affect the interpretation. Keeping this caveat in mind, it is nevertheless tempting to speculate that this line could be a sign of new physics, more precisely the sign of a decaying form of dark matter. Indeed, the authors of [2] have found indications that the line becomes stronger towards the center of the cluster, which is consistent with the idea of a decaying dark matter particle.
Both [1, 2] as well as [3] provide a possible explanation in the form a sterile neutrino decaying into a photon and an active neutrino. Another possibility could be eXciting Dark Matter [4] . In this brief note we point out, similar to [5] , that the decay of an axion-like particle (ALP) being all or part of the dark matter is another simple explanation. The strength of the coupling to two photons required can be easily motivated in extensions of the Standard Model based on string theory.
String theory often also features a number of additional ALPs, which generically have similar couplings. Thus, one can link the 3.55 keV line to a variety of other puzzling observations. While this may increase the level of speculation it provides additional handles to test the hypothesis.
A simple ALP explanation
The defining feature of axion-like particles [6] [7] [8] [9] is their coupling to two photons,
where for concreteness we have taken the ALP to be a pseudoscalar (the scalar case is analogous). This interaction allows the ALP to decay into two photons with a lifetime of
Assuming that the ALP makes up all of the dark matter [10] the photon fluxes found in [1, 2] correspond to lifetimes in the range 1
Combining this with the energy of the photon line, we find the following parameters,
These parameters are not excluded by any of the existing constraints [10, 11] . In fact ALPs with these parameter values can be produced in the early Universe via the misalignment mechanism and can be the cold dark matter [10] . The suitable parameter range together with existing constraints is shown in Fig. 1 Figure 1 : Parameter space for axion-like particle dark matter [10] . The thick black line indicates the region which could explain the 3.55 keV line assuming that the 7.1 keV ALP makes up all of the dark matter. The dashed black line shows the possible couplings when the ALP is only a fraction of the dark matter. The limits shaded in green and in orange assume that the ALP gives the full dark matter density. Accordingly, they weaken with the dark matter fraction
Alternatively we could think that ALPs with these parameter values make up only a fraction of the total dark matter energy density,
In this case, the required lifetime (as long as it is larger than the age of the Universe) decreases as
and the required coupling increases as
Requiring that the lifetime exceeds that of the Universe 2 , one can increase the coupling in this way up to (see also Fig. 1 )
One may think that this corresponds to an additional fine-tuning. However this is not the case for ALPs produced via the misalignment mechanism. Actually, ALP CDM already requires a tuning of the initial angle
such that the produced dark matter density (for the full formula see Eq. (4.1))
gives the desired value. Here f ALP is the ALP decay constant, for instance specifying the scale at which the ALP is generated as a pseudo-Goldstone boson. At a given level of tuning for θ ini , the DM density decreases with decreasing f ALP . Now we just need to note that the coupling and f ALP are related via, 11) and the flux is flux ∼ g
independent of the size of f ALP and therefore the coupling. Making use of this freedom, the ALP decay constant -and correspondingly the couplingscan be in the range,
without any increase in finetuning compared to the case where the ALP makes up all of the dark matter. The region where the ALP is a sub-dominant component is shown as the vertical dashed black line in Fig. 1 . In general, axion-like particles could lead to observable isocurvature perturbations in the cosmic microwave background. This could be a cosmological signal for this interpretation of the 3.55 keV line. Beyond that one could have signals in the form of non-Gaussianities generated by isocurvature fluctuations. In the case where the ALP is sub-dominant the non-Gaussianity could be visible even before one detects the isocurvature modes themselves [12] . However, note that the isocurvature perturbations are suppressed in some particular models [13] .
Interestingly, the emission of ALPs with a decay constant at the upper end of this range from Red Giant (RG) stars, could be responsible for the small amount of non-standard stellar cooling that seems to be present in the RG population of the globular cluster M5 [14] , if we use
and compare to the upper limit of g aee = 4.3 × 10 −13 . However, the extra cooling observed in white dwarfs [15] [16] [17] cannot be explained with an ALP of this mass, since the available temperatures in a white dwarf are too low for effective production.
Thermally produced ALPs
In the simplest models and cosmologies, the misalignment mechanism is extremely efficient to produce ALP DM. Actually, it tends to overproduce it in the parameter range motivated by the 3.55 keV line. However, one can imagine cases in which this contribution can be strongly suppressed. For instance, one could have initially very large masses arising from thermal effects, couplings to additional moduli fields or non-minimal gravitational couplings. The energy density in the ALP field gets diluted by the expansion (behaving as dark matter) only after the Hubble rate becomes comparable to the mass, H ∼ m φ , and thus high masses in the early universe trigger the dilution earlier than the bare mass today, with the consequent decrease in abundance.
Another example happens for the largest values of g φγγ , where primordial magnetic fields can trigger the mixing of the ALP condensate into a DC electric field which can be efficiently discharged by the huge conductivity of the primordial plasma [18] .
However, the relic abundance of ALPs can also be thermally produced. The coupling to two photons provides an ALP production channel by the Primakoff process q + γ → q + φ where q is any charged particle in the plasma. This generates ALPs at a rate [11, 19] 
where n q is the effective number density of charged particles,
is the charge of i-th particle species, and the parameter g q (T ) represents the effective number of relativistic charged degrees of freedom. At very high temperatures, we shall employ the ALP couplings to electroweak bosons W and B as in [20] but already the photon coupling gives us an idea of the phenomenological consequences. In particular, the rate is proportional to T 3 and thus redshifts faster than the Hubble expansion rate H ∼ T 2 /m Pl . Therefore, the highest temperatures of the early universe determine whether a full thermal population is established. The contribution of a fully thermalised species to the DM abundance is [11] 
where T f is the temperature at which Γ/H becomes smaller than 1 and the ALP interactions freeze out. Since m φ ∼ 7.1 keV, we should never reach thermal equilibrium or we would have too much DM -unless of course g is humongous. Therefore, the reheating temperature of the universe, T R , should be below the freeze out temperature, T f . The relic abundance in this "freeze in" scenario 3 is suppressed with respect to the thermal case by a factor ∼ Γ/H| T R
This equation relates the DM fraction, the coupling g φγγ (implicit in Γ) and the reheating temperature. As discussed in section 2, the requirement that the ALP decays account for the whole 3.55 keV flux fixes a relation between the ALP DM fraction and the coupling, g φγγ ,
where β ∼ 0.3 − 1. Therefore we can predict the required reheating temperature of the universe as a function of g φγγ (or x ALP )
Values at the higher end of the coupling range require very low reheating temperatures. Indeed the smallest values we have considered ∼ 10 −12 GeV −1 are in conflict with the absolute lower limits on the reheating temperature ∼ 4 MeV [24] but the dependence is so steep that already 10 −13 GeV −1 is allowed. We note, however, that for very high reheating scales one also needs a fairly high scale of inflation which again can lead to observable or, even too large isocurvature fluctuations. This happens roughly at a reheating temperature of order 10 11 GeV. So thermal production in this sense works easiest for moderately large g φγγ or equivalently moderately small f ALP .
ALP + hidden photon requires no finetuning
As we have already mentioned, some amount of finetuning is needed in order to achieve the correct density of the 7.1 keV ALPs. The amount of ALP dark matter produced via the misalignment mechanism (and whose mass is not influenced by the thermal environment) is given by,
where F(T 1 ) = (g (T 1 )/3.36) 3/4 /(g ,S (T 1 )/3.91) with g and g ,S the number of energy and entropy degrees of freedom evaluated at H(T 1 ) = m φ , respectively [10] . Therefore, for a decay constant f ALP ∼ (10 9 − 10 11 ) GeV, the ALP density is of the same order of magnitude as the observed dark matter density, without needing to choose unnaturally small values of the initial angle θ ini . However, as discussed above this naively corresponds to a coupling to photons of the order of
which, if the ALPs make up all of the DM, is way too large to re-produce the observed 3.55 keV line.
A simple way to remedy this problem is if the ALP resides in a hidden sector and directly only (or at least dominantly) couples to an extra U(1) gauge boson (as in [25] ), X µ with field strength X µν . In this case we have,
with
where α X is the hidden U(1) equivalent of the fine-structure constant, e 2 X /4π, with e X the hidden U(1) gauge coupling.
It is now quite natural [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] that the hidden U(1) mixes with the photon via a so-called kinetic mixing [39] ,
After removing this mixing by a field re-definition,
we have the following interactions of our ALP with the ordinary photon,
where
For small χ the dominant decay is that into two X, but we also have a decay φ → γ + X which can give us the photon line (the decay to two γ is further suppressed by the small χ).
Choosing α X ∼ (0.1 − 10)α values in the
can now reproduce the 3.55 keV line while requiring no finetuning of the ALP density. The extra U(1), "hidden photon" can be massless or massive. The massless case is perhaps simplest and is not constrained by any limits known to us. In the massive case, a large part of the parameter space is already excluded for masses up to the keV region (see, e.g. [40] ). Nevertheless some parts are still free and could be explored in near future experiments and observations (see [40] ), making this a phenomenologically interesting prospect.
ALPs from string theory
Compactifications of string theory typically predict a multitude of axion-like fields. For example, one gets an axion for each closed sub-manifold in the extra dimensions. This can be a very large number, possibly more than a 100, a fact that has triggered the discussion about a string axiverse [41] [42] [43] . In these constructions one finds, next to the axion, additional axion-like particles with masses distributed uniformly in the logarithm. This is makes it quite likely that one of them is in the keV range.
In general one can say that the decay constants are naturally either of the string scale f ALP ∼ M s (if the cycles are small) or of the Planck scale (if they extend into the whole volume). The latter are obviously very weakly coupled and therefore contribute only to gravitational signals. Importantly, all the remaining ones essentially share the same decay constant.
In the LARGE volume scenario [44] , an appealing option is to have intermediate string scales of the order of M s ∼ (10 9 − 10 12 ) GeV.
This string scale naturally gives rise to gravity mediated supersymmetry breaking at the TeV scale. Alternatively, some GUT-like models prefer a string scale that is higher [45, 46] ,
6 Linking with other phenomena
In the previous section we have not only seen that an ALP with suitable parameter values to explain the observed spectral line can be found in string theory, but also that it is quite naturally accompanied by additional ALPs and perhaps also the QCD axion. Crucially these ALPs typically have a decay constant of a similar size and therefore similar coupling strength.
Low decay constant f ALP ∼ 10 9 GeV
At the upper end of the allowed range of couplings we could have an ALP at m ALP ∼ 7.1 keV accompanied by an additional ALP with a much smaller mass m ALP 2 10 −9 eV. While the former can give rise to the 3.55 keV line the latter could explain both the additional cooling in white dwarfs [15] [16] [17] (via a coupling to electrons of strength ∼ m e /f ALP ) and the anomalous transparency of the Universe to TeV gamma rays [47, 48] (via its coupling to photons).
Moreover the second ALP, which could have slightly (by an O(1) factor) larger couplings, could be within the reach of near future experiments such as IAXO [49] or ALPS-II [50] .
This scale is also very attractive from the point of view of intermediate scale string models.
Medium decay constant f ALP ∼ 10 12 GeV
In this case, the ALP producing the 3.55 keV line could be linked to a true QCD axion, which then is in a range suitable for it to be essentially all of the dark matter in the Universe. (The fraction of DM contributed by the ALP is still very small in this range.) An axion with a decay constant in this range could be searched with the haloscope technique as realized in ADMX [51] .
High decay constant f ALP ∼ 10 14 GeV
In this case the ALP responsible for the 3.55 keV line would contribute a sizeable fraction or all of the dark matter. From this point of view there is no need for an axion or an additional ALP.
Nevertheless an axion with this decay constant would still solve the strong CP problem of QCD. At the same time it is likely that it would contribute an appreciable fraction of the dark matter (it actually requires some amount of tuning for it not to be too much dark matter). It could then be searched for in an experiment based on LC circuits as suggested in [52] or in experiments searching for a precession of nuclear spins [53] .
Conclusions
An axion-like particle (ALP) making up all or part of dark matter provides a simple explanation for the recently observed 3.55 keV line in the spectra of stacked galaxy clusters. The required values for the mass and coupling can be obtained in models of string theory. The latter also provide for the possibility that there also is an axion and/or additional ALPs with roughly the same coupling to photons. Using this one can find links to other puzzling astrophysical phenomena and perhaps more importantly also to interesting experimental probes of this hypothesis.
